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Figure 1 
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Figure 3 
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BRANCHED NANOSTRUCTURES AND 
METHOD OF SYNTHESIZING THE SAME 

STATEMENT REGARDING FEDERALLY 

SPONSORED RESEARCH 5 

This invention was made with Government support under 
Grant No . NCC3 -1034, from the NASA Center for Nanoscale 
Materials. The Government has certain rights in this inven- 
tion. to 

FIELD OF THE INVENTION 

The invention generally relates to the formation of 
branched nanostructures and more specifically to methods of 15 
synthesizing one-branch and multi -branched nanostructures 
by an electron beam irradiation process. 

BACKGROUND OF THE INVENTION 

20 

Substantial development efforts have recently focused on 
the synthesis of nanotubes and nanorods. These are needed 
for interconnecting circuits, sensors, optoelectronics and 
other nano-sized elements in the field that is now known as 
nanotechnology. These connections are needed to make ultra- 2 5 
compact devices. 

One example of such development efforts is found in U.S. 
Pat. No. 6,882,051, titled “Nanowires, Nanostructures and 
Devices Fabricated Therefrom,” which issued to Mujamdar, 
et al., on Apr. 19, 2005. This patent discloses methods of 30 
fabricating and doping one-dimensional nanostructures hav- 
ing uniform diameters of less than approximately 200 nm. 

While one-dimensional nanostructures are useful to con- 
nect two elements, branching of nanotubes and nanorods is 
important because it pennits the interconnection of multiple 35 
elements. Substantial development efforts have produced 
branching for a variety of elements and methods. For one 
example, Dick, et al., “Synthesis of Branched ‘Nanotrees’ by 
Controlled Seeding of Multiple Branching Events,” Nature 
Materials, 3, 380 (2004), teaches methods of synthesizing 40 
branched GaP nanostructures by sequential seeding with 
metal nanoparticles. 

To date, however, the prior art does not teach the synthesis 
of branched nanostructures by methods that can individually 
control in situ the growth process, specially for silicon- and 45 
carbon-derived nanostructures. Because of these materials’ 
properties they are widely used in the electronics industry and 
in fabricating nanoscale devices. While silicon nanowires 
have been synthesized, there remains a need for branched and 
multi-branched silicon nanostructures. This invention also 50 
addresses that need. 

SUMMARY OF THE INVENTION 

According to one aspect of the invention, a method of 55 
growing a branched silicon-derived nanostructures begins by 
providing a porous silicon substrate. This is placed in the 
vacuum chamber of a transmission electron microscope. An 
electron beam is directed at the edge of the porous silicon 
substrate, which causes a branched silicon nanostructure to 60 
grow. 

According to further aspects of the invention, the porous 
silicon substrate has pores with a diameter of approximately 
a pm or less. The porous silicon substrate is made by electro- 
chemical anodization of a solid silicon wafer. The silicon 65 
wafer is approximately 200-300 pm thick with <100> crys- 
talline orientation on a polished surface. The vacuum cham- 
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ber is evacuated below at least 5x1 0" 6 Torr. The branched 
silicon nanostructure has a body and at least two branches. 

The total length of the branched nanostructure, the body 
diameter and the branches’ diamters can be controlled by 
adjusting the electron beam irradiation parameters. The total 
length can be as low as 5 nm to greater than 1000 nm. The 
diameter of the body and branches can be as low as only a few 
nanometers to as much as 100 nm or greater. 

According to another aspect of the invention, a branched 
nanostructure is synthesized from a porous material having 
pores with a diameter of approximately 1 pm or less. The 
porous material is placed in a vacuum. The porous material is 
irradiated with an electron beam. The electron beam causes a 
trunk to grow from the porous material and further causes 
branches to grow from the trunk. 

According to further aspects of the invention, the porous 
material has pores 1 micron or less in diameter and is com- 
posed of silicon or alumina. The porous substrate is placed in 
the vacuum chamber of a transmission electron microscope. 
The intensity of the electron beam is adjusted based upon 
growth of the trunk and branches. The electron beam has a 
potential difference of 100 kV and the electron bombardment 
continues for less than an hour. The trunk and branches have 
a diameter of less than 100 nm. At least one of the branches 
has a length of at least 1000 nm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram illustrating a method of 
synthesizing a branched nanostructure in TEM. 

FIG. 2 is a side view of a branched nanostructure growing 
from a porous substrate. 

FIG. 3 is a block diagram showing steps of synthesizing a 
branched nanostructure. 

FIG. 4(a) is a photograph showing a surface of a porous 
substrate after initial electron beam irradiation. 

FIG. 4(b) is a schematic diagram showing the initial growth 
from a porous substrate. 

FIGS. 5(a) through (f) are photographs showing the growth 
of a branched nanostructure from a porous substrate, taken at 
regular temporal intervals. 

FIG. 6 is another photograph showing a branched nano- 
structure grown from a porous substrate. 

FIG. 7 is another photograph showing a branched nano- 
structure grown from a porous substrate. 

FIG. 8 is another photograph showing a one-branch nano- 
structure. 

DETAILED DESCRIPTION OF THE INVENTION 

Multi -branched silicon is prepared from a porous film such 
as a porous silicon (PSi) freestanding film. The film is 
attached to the grid of a transmission electron microscope 
(TEM). A vacuum is applied and an electron beam is directed 
toward the edge of the film. As a first step, electron intensity 
is increased until local heating induces the porous structure to 
develop into a less porous material at the region of interest. As 
a second step, the intensity is decreased and adjusted until 
nanorods begin to grow from the surface of the film. Further 
application of the electron beam will cause continued growth 
of the nanorods followed by branching. The thickness and 
length of the nanorods and branches can be increased (or 
decreased) by increasing (or decreasing) the electron-beam 
intensity and/or irradiation time. 

Turning to FIG. 1, a schematic diagram showing a configu- 
ration for synthesis of a branched silicon nanostructure is 
described. A PSi film 102 is attached to grid 104. The grid 104 
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is a standard grid used to handle samples for TEM 100 analy- 
sis. TEM 100 includes a vacuum chamber 106 . The grid 104 
and attached PSi film 1 02 are inside the vacuum chamber 106 . 
After evacuating the vacuum chamber 106, an electron beam 
108 is directed at the PSi film 102 . 5 

Turning to FIG. 2 , a schematic diagram showing a side 
view of the PSi film 102 is described. From the surface point 
at which the electron beam 108 is directed, a nanorod forms 
which, under continued beam radiation, branches to form a 
nanotree 202 . The nanotree 202 has a trunk (or body) 204 and 10 
a number of branches, including branch 206 , branch 208 , 
branch 210 and branch 212 . Because branch 206 is near the 
top of the nanotree 202, it is considered an upper branch. 
Likewise, because branch 214 is near the bottom of the nan- 
otree 202 , it is considered a lower branch. Branches 210 and 15 
212 grew from branch 208 . Because Branches 210 and 212 
were formed later, they tend to be narrower in diameter than 
the inner or mother branch 208 . At the bottom of the trunk 
204 , the nanotree 202 connects to the PSi film 102 . This 
connection forms the base of the nanotree 202, or to continue 20 
with the tree analogy, forms the root. 

Turning to FIG. 3, the steps of synthesizing a branched 
nanotree are further described. At step 300, the process begins 
with the preparation of the material from which the branched 
nanostructure will be formed. This is prepared as a 25 
microporous structure with pores on the order of microns or 
less. The pores may be as small as nanometers. The 
microporous structure reduces electrical and thermal conduc- 
tivity. The structure also has corners or edges. These are 
useful in concentrating the electric field by charging during 30 
the bombardment by an electron beam. 

A number of known techniques can be used to form the 
microporous structure. For example, it can be formed by 
electrochemical anodization of a solid material. This tech- 
nique can be applied to a solid silicon wafer approximately 35 
200-300 pm thick with <100> crystalline orientation on a 
polished surface. The wafer is dried using the critical point 
drying method. This method is described by Canham, et al., 

“ Luminescent anodized silicon aerocrystal networks pre- 
pared by supercritical drying ”, Nature 368, 133 (1994), 40 
which is incorporated by reference in its entirety. Further 
details of the preparation of a PSi film are provided by Posada, 
et al., Optical properties of nanocrystalline silicon within 
silica gel monoliths, Journal of Applied Physics, 96, 2240 
(2004) , which i s also incorporated by reference in its entirety, 45 
or in books like Electrochemistry of Silicon by Volker Leh- 
mann, Wiley- VCH Verlag, Weinheim, Germany 2002 and 
Electrochemistry of silicon and its oxide, by X Gregory 
Zhang, Kluwer Academic/Plenum Publishers, New York, 

N. Y. 200 1 . The porous films will be prepared with thicknesses 50 
ranging from 1 micron to hundreds of microns. Porous alu- 
mina films could also be used, as could porous films made 
from other oxides or semiconductors. 

The PSi films typically exhibit a granular-like structure 
corresponding to Si nano-sized particles and nano-sized 55 
wires, having a diameter on the order of 3 nm. This granular- 
ity is shown in FIG. 4b as the PSi portion 402 . Quantum 
confinement of free carriers occurs at these dimensions, 
reducing the carriers’ mobility and, therefore, showing very 
poor electrical conductivity in the film. 60 

At step 302 , a piece of the porous wafer is positioned in a 
vacuum chamber of a TEM, such as a JEOL 100S TEM, 
which operates at 100 kV. These are commercially available 
from JEOL USA, Inc., 1 1 Dearborn Road, Peabody, Mass., 
01960. Another suitable TEM is the LEO-922 HRTEM, 65 
which operates at 200 kV. The film has a surface area on the 
order of 1 mm 2 . It is attached to the conductive grid of the 
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TEM. Suitable grids include copper, berilium-copper and 
nickel. Samples can be fixed to the grids with conductive 
TEM paste, such as silver paste, or by using folding TEM 
grids. The grid is then positioned in a standard TEM sample 
holder. With the PSi film in place, the vacuum chamber is 
evacuated below 5xl0 -6 Torr. 

At step 304, the electron beam is focused on an edge of the 
porous material. The electron beam intensity is adjusted to the 
condition in which one or several nano-sized nodules begin to 
form, these grow into whiskers, lately, the beam intensity is 
adjusted and the growth process continues with the formation 
of nanorods that finally begin to branch. The electron irradia- 
tion is maintained until the desired size of the multibranched 
structure is reached. The thickness and length of the nanorods 
and nanotree’s branches can be controlled by increasing (or 
decreasing) the electron beam intensity and/or irradiation 
time. 

Returning to FIG. 4(b ) , the initial growth of a branched 
nanostructure is shown. The porous film 402 exhibits granu- 
larity. Its surface is subject to electron bombardment, which 
causes the grains to merge into a dense area 404 along the 
surface. From this dense area 404 an active site, or nodule, 
406 begins to form. Continued bombardment transforms this 
into a nanorod and then a branched nanostructure. 

With reference to FIG. 4(a), the unirradiated portion 1 of 
the porous film retains its original morphology. The irradiated 
portion 2 of the porous film condenses as the individual 
nano-sized grains form a dense surface. Local Joule heating 
due to the electron irradiation causes the atoms to diffuse. The 
region at the sample boundary begins to coalesce, which 
creates a less porous layer with some protrusions or nodules 
forming at the surface. These protrusions become active sites 
where growth of branched nanostructures occurs. 

Turning to FIGS. 5 (a)-(/), this growth is shown for a PSi 
sample irradiated under a voltage of 100 kV. The figures are 
shown sequentially in time, with the elapsed time from FIG. 
5(a) to FIG. 5 (f) totaling approximately 30 minutes. The 
initial image of FIG. 5(a) shows two small (approximately 30 
nm) protrusions or active sites from which nanotrees grow. 
Continuous branching sprouts in a fractal-like manner at the 
same time that the mother branches gain thickness. After 30 
minutes of irradiation, the distance between the farthest 
branch tip and the tree root was approximately 850 nm. Dur- 
ing this period, the trunks increased in thickness from 
approximately 30 nm to approximately 100 nm. 

While the two trees shown in FIGS. 5 (a)-(f) show substan- 
tial similarities, they also exhibit some significant differ- 
ences. Specifically, the lower tree sprouts from a thinner 
columnar protrusion that the upper one. Although the upper 
tree is, therefore, better attached or rooted than the lower one, 
its growth rate is slower. 

These figures also reveal that the surface continuously 
smoothens as the trees grow. Then, after prolonged periods of 
radiation exposure, the growth of the nanotrees stops. In fact, 
coalescence takes place at the youngest branches, which 
become reduced in length and increased in thickness. This is 
seen on the upper branch of the lower nanotree during the last 
two stages shown in FIGS. 5(e) and 5 (/). 

Turning to FIG. 6, another nanotree fabricated according to 
the forgoing method is shown. It exhibits more than six 
sequential branching events. Its total height is on the order of 
1500 nm and its longest branches extend a distance on the 
order of 1000 nm. The diameter of its trunk is on the order of 
1 00 nm, the diameter of the oldest or mother branches as they 
connect with the trunk is on the order of 50 nm or less and the 
diameter of the youngest branches near the top of the nanotree 
is less than 20 nm. 
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Turning to FIG. 7, yet another nanotree fabricated accord- 
ing to the forgoing method is shown. It exhibits reduced 
length and increased thickness of the upper branches, which 
resulted from prolonged electron beam irradiation. It has a 
total height of approximately 400 nm. 5 

Turning to FIG. 8, one further nanostructure is shown. It is 
a single branch from the substrate. It has a diameter of 
approximately 50 nm and a length of approximately 700 nm. 

Again, in addition to PSi, other porous films can be used 
following the above-described methods, including porous 10 
alumina or other oxides or semiconductors. 

Although the invention has been described with reference 
to specific preferred embodiments, those skilled in the art will 
appreciate that many modifications and variations can be 
made without departing from the teachings of the invention. 15 
All such modifications and variations are intended to be 
encompassed within the scope of the following claims. 

We claim: 

1. A method of growing branched nanostructures compris- 
ing the steps of: 20 

providing a porous substrate, 

directing an electron beam at the porous substrate; and 
growing a branched nanostructure from the porous sub- 
strate as a consequence of directing said electron beam 
at the porous substrate. 25 

2. The method of claim 1, wherein the step of providing the 
porous substrate comprises providing a porous silicon sub- 
strate with pores having a diameter of approximately a micron 
or less. 

3 . The method of claim 2, wherein the step of providing the 30 
porous silicon substrate comprises electrochemical anodiza- 
tion of a solid silicon wafer. 

4. The method of claim 3, wherein, in the step of providing 
the porous silicon substrate, the silicon wafer is approxi- 
mately 200-300 pm thick with <100> crystalline orientation 35 
on a polished surface. 

5. The method of claim 1, wherein the step of directing the 
electron beam at the porous substrate comprises directing the 
electron beam at an edge of the porous substrate. 

6. The method of claim 1, wherein the method further 40 
comprises the step of placing the porous substrate in a 
vacuum prior to the step of directing the electron beam at the 
porous substrate. 

7. The method of claim 6, wherein, in the step of placing the 
porous substrate in the vacuum, the vacuum is evacuated 45 
below at least 5xl0 -6 Torr. 

8. The method of claim 7, wherein the step of placing the 
porous substrate in the vacuum comprises placing the porous 
substrate in a transmission electron microscope. 

9. The method of claim 1, wherein the branched nanostruc- 
ture has a body and at least two branches, wherein the 


6 

branched nanostructure has a total length of at least 5 nm, 
wherein the body has a diameter of not more than 1 00 nm and 
wherein the at least two branches have a diameter of not more 
than 100 nm. 

10. The method of claim 1, wherein the branched nano- 
structure has a body and at least two branches, wherein the 
body is at least 20 nm. 

11. The method of claim 1, wherein the branched nano- 
structure has a body and at least two branches, wherein the 
body is at least 100 nm. 

12. The method of claim 1, wherein the branched nano- 
structure has a single branch from the porous substrate. 

13. The method of claim 12, wherein the branch is greater 
than 100 nm long and has a diameter of less than 100 nm. 

14. A branched silicon nanostructure synthesized accord- 
ing to the method of claim 1 . 

15. A method of fabricating a branched nanostructure com- 
prising: 

providing a porous material with pores having a diameter 
of approximately 1 pm or less; 

placing the porous material in a vacuum; and 

irradiating the porous material with an electron beam, 
wherein the electron beam causes a trunk to grow from 
the porous material and further causes branches to grow 
from the trunk. 

16. The method of claim 15, wherein, in the step of pro- 
viding the porous material, the porous material has pores 1 
pm or less in diameter. 

17. The method of claim 15, wherein the step of providing 
the porous material comprises providing porous silicon. 

18. The method of claim 15, wherein the step of providing 
the porous material comprises providing porous alumina. 

19. The method of claim 15, wherein the step of placing the 
porous substrate in a vacuum comprises placing the porous 
substrate in a transmission electron microscope. 

20. The method of claim 19, further comprising the step of 
adjusting an intensity of the electron beam based upon growth 
of the trunk and branches. 

21. The method of claim 15, wherein the step of irradiating 
the porous material with the electron beam is performed for 
less than an hour. 

22. The method of claim 15, wherein, in the step of irradi- 
ating the porous material, the electron beam experiences a 
potential difference of between approximately 50 and 200 kV. 

23. The method of claim 15, wherein, in the step of irradi- 
ating the porous material, the trunk and branches have a 
diameter of less than 1 00 nm. 

24. The method of claim 23, wherein, in the step of irradi- 
ating the porous material, at least one of the branches has a 
length of at least 1000 nm. 





